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High-resolution photoemission is used to study the electronic structure of the cuprate superconductor,
Bi2Sr2CaCu2O8+δ, as a function of hole doping and temperature. A kink observed in the band dispersion in
the nodal or (0, 0) to (pi, pi) direction in the superconducting state is associated with coupling to a resonant mode
observed in neutron scattering. From the measured real part of the self energy it is possible to extract a coupling
constant which is largest in the underdoped regime, then decreasing continuously into the overdoped regime.
(November 1, 2018)
In any system, electrons (or holes) may interact
strongly with various excitations resulting in modifica-
tions to both their lifetime and binding energy. The
quantity that describes these effects is the self-energy,
Σ(k, ω) the imaginary part representing the scattering
rate or inverse lifetime, the real part, the shift in en-
ergy. An electron in a solid thus becomes ”dressed” with
a ”cloud” of excitations, acquiring a different effective
mass, but still behaving as a ”single-particle” excitation
or quasiparticle. This represents the traditional Fermi
liquid (FL) picture. In more exotic materials, an elec-
tron or hole may lose its ”single-particle” integrity and
decay completely into collective excitations.
It has recently been demonstrated that angle-resolved
photoemission (ARPES) is an excellent tool for momen-
tum resolving self-energy effects. A measurement of
the self-energy allows the determination of the coupling
strength as well as the identification of the energy scale
of the fluctuations involved in the coupling. As an exam-
ple, self-energy effects due to the electron-phonon inter-
action have been identified in molybdenum [1] and beryl-
lium [2]. In these cases the energy scale is represented
by the Debye energy. More recently, in studies of the
layered dichalcogenide 2H-TaSe2, self-energy corrections
reflecting coupling to fluctuations in the charge density
wave order parameter have been observed [3]. The exten-
sion of such studies to the realm of high-Tc superconduc-
tivity allows the identification of the appropriate energy
scales describing the fluctuations in these materials. It
is not clear however, that a Fermi liquid methodology
is appropriate for the high temperature superconductors
(HTSC). Indeed in a recent study of optimally doped
Bi2Sr2CaCu2O8+δ, the non-Fermi liquid like nature of
the material was demonstrated [4]. It was shown that
the imaginary part of the self-energy follows a Marginal
Fermi liquid (MFL) behavior [5] with quantum critical
scaling, suggesting the absence of any energy scale asso-
ciated with the nodal excitations. However, in the same
study [4], a change in the mass enhancement was ob-
served in the superconducting state, indicating structure
in the self-energy and the appearance of an energy scale
well removed from the Fermi level. The corresponding
change in the ImΣ was not observed directly. Subsequent
experimental studies have reported that in the supercon-
ducting state the mass enhancement exists over a large
portion of the Fermi surface [6,7]. Theoretical studies
have focussed on the possibility that these observations
reflect coupling to the magnetic resonance peak observed
in neutron scattering studies [8].
In this paper, we examine the doping and temperature
dependence of the mass enhancement. We find that in
the normal state the self-energy is well described within
the framework of the MFL model. However upon en-
tering the superconducting state, changes occur in the
ARPES spectra. We find that the self-energy correction
and associated mass enhancement are strongly dependent
on the hole doping level, decreasing continuously with
doping. Further the energy scale observed in the super-
conducting state is linearly dependent on the transition
temperature TC . This dependence is almost identical to
that observed for the resonant collective mode observed
in neutron scattering studies [9,10].
The experimental studies reported in this paper were
carried out on a photoemission facility equipped with a
Scienta electron spectrometer [11]. In this instrument,
the total spectral response may be measured as a func-
tion of angle and energy simultaneously with a momen-
tum resolution of ∼ 0.005 A˚−1 and an energy resolution
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of ∼ 10 meV. Photons were provided by a Normal Inci-
dence Monochromator based at the National Synchrotron
Light Source. Samples of optimally doped (TC = 91 K)
Bi2Sr2CaCu2O8+δ were produced by the floating zone
method [12]. The underdoping and overdoping was
achieved by annealing optimally doped samples in argon
[13] and in oxygen [14], respectively. All samples were
mounted on a liquid He cryostat and cleaved in-situ in
the UHV chamber with base pressure 3 × 10−9 Pa. The
sample temperature was measured using a calibrated sil-
icon sensor. The self-energy corrections were determined
either from energy distribution curves (EDC) or from
momentum distribution curves (MDC). The EDC repre-
sents a measure of the intensity as a function of binding
energy at constant momentum and the MDC a measure
of the intensity as a function of momentum at constant
binding energy.
In Fig. 1 we show the photoemission intensities
recorded as a function of binding energy and momentum
in the (0,0) to (pi, pi) direction of the Brillouin zone for
from left to right, the underdoped (UD), optimally doped
(OP) and overdoped (OD) Bi2Sr2CaCu2O8+δ samples,
all in the superconducting state. In the lower panel we
show the corresponding band dispersions obtained from
MDC’s for the superconducting and normal states. It is
clear that even in the normal state, the dispersion in the
vicinity of the Fermi level deviates from the linear disper-
sion predicted by first-principles band structure calcula-
tions [15]. In the superconducting state, an additional
modification to the dispersion develops for the under-
and optimally doped samples. In the overdoped material
there is no detectable change in dispersion.
The spectra in Fig. 1 display other interesting fea-
tures. For ω ≥ 50 meV the velocity, or rate of band dis-
persion decreases with doping. This is surprising because
one might anticipate the velocity decreasing as the states
became more localized in the underdoped regime. Sec-
ondly, the spectral response is less well defined in the un-
derdoped regime with the spectral width in both energy
and momentum exceeding the amount of dispersion from
k = kF . Following recent suggestions of Orgad et al. [16]
these two observations may be evidence of increased elec-
tron (hole) fractionalization in the underdoped regime.
In Fig. 2 we show the deviation, ReΣ, from the non-
interacting dispersion as a function of binding energy for
the three doping levels for both the superconducting and
normal states. We define the non-interacting dispersion
as a straight line that coincides with the experimentally
measured Fermi wave- vector and the dispersion mea-
sured at a higher binding energy, typically 250 meV, as
indicated in Fig. 1. The real part of the self-energy is
set to zero at these points. The overall magnitude of the
self-energy continuously decreases with doping in both
the normal and superconducting state. We also show
the difference in ReΣ between the superconducting state
and normal state. We suggest that this difference repre-
sents a change in the excitation spectrum associated with
the coupling upon entering the superconducting state.
This change should also be manifested in measurements
of ImΣ. While apparent in the underdoped regime [17],
the effect is too subtle to observe directly in the optimally
doped material.
In Fig. 3 we plot different quantities deduced from ReΣ
as a function of the deviation from the maximum TC = 91
K, characterizing the optimally doped material. In panel
(a) we plot both ω0, the energy of the maximum in ReΣ
in the superconducting state and ωsc0 , the energy of the
maximum in the difference between the superconducting-
and normal-state. Since in the overdoped regime the dif-
ference between the superconducting- and normal- state
dispersion vanishes, the energy scale characterizing the
superconducting state could not be detected in the nodal
region. The characteristic energy was therefore identified
only for a limited range of overdoping and only by moving
away from the node towards the (pi,0) region where the
coupling is observed to be stronger while the character-
istic energy of the kink remains momentum-independent
[7,18]. Indeed, measurements of the renormalized veloc-
ity in the superconducting state indicate that, for optimal
doping, the coupling increases by a factor of 3 or more on
moving towards the (pi,0) region [18]. In the overdoped
regime, there is also more uncertainty in the transition
temperature due to the increased tendency of losing oxy-
gen [19].
In the underdoped regime it is clear that the char-
acteristic energies ω0 and ω
sc
0 scale linearly with TC as
opposed to, for instance the magnitude of the maximal
gap observed in these materials. The latter increases
continuously on going into the underdoped regime [20].
When fitted with a straight line, the data points for ωsc0
and ω0 in Fig. 3(a) yield ω ∼ 6kBTC . This behav-
ior is reminiscent of that reported in neutron scattering
studies where all the characteristic low-energy features
in the superconducting state appear to scale with TC .
In particular, the resonance energy, Er, was found to
scale as Er ∼ 5.4kBTC [10], while the spin gap scales as
∆s ∼ 3.8kBTC [21]. The possibility that the kink reflects
coupling to zone boundary longitudinal optical phonons
has also been discussed in the literature [22]. However,
recent neutron studies indicate that these phonons ocurr
at the same energy, independent of doping [23]. This is in
complete contrast to the doping dependence of the kink
energy observed in the present study.
The real part of the self energy may also be used to
extract the coupling strength to the excitations involved
in the coupling [24] via λ = −(∂ReΣ/∂ω)EF , neglecting
momentum dependence of the self energy in the narrow
interval around kF . The coupling constant λ is simply
obtained by fitting the low energy part of ReΣ(ω) to a
straight line. In Fig. 3(b) we plot λ for different samples
in the superconducting state as a function of TC . From
the figure we see that the coupling decreases continuously
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with increasing doping level, reflecting the latter rather
than the transition temperature.
Shown in Fig. 4, the ”kink” and the magnetic reso-
nance mode also display the same temperature depen-
dence. Here the temperature dependence of ReΣ for the
underdoped (UD69K) sample, measured at the charac-
teristic energy ω = ωsc0 , is compared with the intensity
of the resonance mode measured in inelastic neutron scat-
tering (INS) from an YBa2Cu3O6+x sample with similar
TC [9]. Although our comparison is between two differ-
ent systems, we note that a recent INS study combined
with ARPES on the same underdoped Bi2Sr2CaCu2O8+δ
sample (TC = 70 K) have reported results nearly iden-
tical to the present study [25]. The identical tempera-
ture dependence in Fig. 4 points to a common origin
for both phenomena. Note that both features exist at
temperatures significantly higher than TC . The temper-
ature range over which they lose intensity at the fastest
rate appears close to TC . However the features show in-
tensity up to temperatures close to T ∗, the pseudo-gap
temperature measured in various transport properties.
We have provided strong evidence that in the super-
conducting state the low-energy excitations are affected
by the low-energy part of spin fluctuation spectrum ob-
served in neutron scattering. The question naturally
arises as to what is responsible for the mass enhance-
ment observed in the normal state for all samples. If
phonons were the source of coupling, we might antic-
ipate a saturation in the scattering rate at frequencies
greater than the Debye frequency and a marked temper-
ature dependence in that range [1,2,24]. This is clearly
in contrast with optical conductivity [26] and photoe-
mission [4,6,7] experiments on the optimally- and under-
doped samples, where the obvious lack of saturation in
the scattering rate points to the absence of a well-defined
cutoff in the excitation spectrum. Phonons, on the other
hand, are always limited to a finite energy range (usu-
ally ≤ 100 meV in these materials). Further, as we
have noted earlier, no significant temperature and doping
dependence is observed in the phonon spectrum. More
likely is the possibility that the enhancement still reflects
coupling to spin excitations and that the spectrum of ex-
citations changes with temperature. Indeed, the spin re-
sponse changes between the normal and (pseudo)gapped
state. A spin gap opens at low energies in supercon-
ducting state, and the strong resonance mode appears
at commensurate momenta, Q = (pi, pi). The spectrum
becomes incommensurate for lower and higher energies.
These temperature changes in the susceptibility are in
one-by-one correlation with the temperature changes in
the single-particle spectrum. The stronger the temper-
ature change in susceptibility, the stronger the temper-
ature change in photoemission. This suggests that in
the overdoped regime, not only the susceptibility weak-
ens, but also that the change between the normal- and
superconducting- states gradually disappears. In systems
where the ”resonance mode” dominates the susceptibil-
ity in the superconducting state, coupling to it causes
the ”kink” in the dispersion at roughly the same energy
[27]. If in the normal state the coupling still reflects spin
fluctuations, it should scale with the spin susceptibility
χ′′. Indeed, the spin susceptibility has been shown to in-
crease in the underdoped region in both the normal and
superconducting states [28], consistent with the present
findings. As a two-particle response function, it is only
limited by the band width, in accord with the absence of
a clear cutoff in the single-particle scattering rate.
The Kramers Kronig transform of a scattering rate,
ImΣ ∝ ω gives ReΣ = g′ω ln(ωc/ω), where g
′ is a cou-
pling constant and ωc is a high-energy cutoff as defined
within the MFL framework [5]. Indeed, any system with
the scattering rate linear in binding energy should also
display a logaritmic correction to the dispersion. Fitting
the ReΣ shown in the Fig. 2 gives a value of approxi-
mately 230 meV for ωc and values for g
′ of 0.54, 0.29 and
0.24 for the underdoped, optimally doped and overdoped
samples respectively. We note that the value obtained
for g′ for the optimally doped material is consistent with
the ω dependence of ImΣ found in our earlier study [4]
and is in good agreement with values obtained in a recent
analysis of normal state EDCs by Abrahams and Varma
[29]. The observation that the MFL form for the self
energy fits the data in the overdoped region in both the
normal and superconducting state is suggestive that the
quantum critical point, if it exists, may well be displaced
towards the overdoped region.
To conclude, the doping, temperature and momentum
dependences of the various characteristic features seen in
the cuprate photoemission spectra are consistent with a
picture where the injected hole couples to the spin fluc-
tuations observed in INS. Indeed this evidence showing
that the mass enhancement associated with the opening
of the (pseudo)gap is electronic in nature is reminiscent
of the behavior reported for 2H-TaSe2 [3]. In the lat-
ter study a mass- enhancement or kink in the dispersion
developed with the formation of the CDW gap. The en-
ergy scale, being much larger than the Debye energy, was
attributed to electronic excitations across the CDW gap.
In the present study, from the observation that in the un-
derdoped region the transition temperature TC decreases
as the coupling increases, we conclude that the coupling
strength alone is clearly insufficient to explain the su-
perconductivity in these materials and that some other
ingredients, such as the carrier concentration [17,30] and
the phase coherence [31,32], are clearly required.
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FIG. 1. Upper panels:- Two dimensional photoemission
intensities observed from (a) underdoped (UD), (b) optimally
doped (OP) and (c) overdoped (OD) Bi2Sr2CaCu2O8+δ sam-
ples. The superconducting transition temperatures are in-
dicated. Lower panels:- The dotted lines indicate the MDC
deduced dispersions for both the superconducting (blue dots)
and normal states (open red diamonds) corresponding to the
different samples in the panels above.
FIG. 2. ReΣ as a function of binding energy for the su-
perconducting (blue dots) and normal states (open red di-
amonds) for the underdoped (UD), optimally doped (OP)
and overdoped (OD) samples, as indicated. The solid lines
through the normal state data represent MFL fits to the data.
The difference between the superconducting and normal ReΣ
for each level of doping is also plotted (green triangles). The
lines through the latter are Gaussian fits to extract the peak
energy ωsc0 .
FIG. 3. (a) Plot of ω0, the energy of the maximum value
of ReΣ in the superconducting state (open squares), and ωsc0
(solid circles), the energy of the maximum in difference be-
tween the superconducting and normal state values plotted
as a function of TC referenced to the maximum T
max
C (∼ 91
K). (b) The coupling constant λ, determined as described in
the text and plotted as a function of TC .
FIG. 4. Temperature dependence of ReΣ(ωsc0 ) from the
nodal line for the UD69K sample (black squares) compared
with the temperature dependence of the intensity of the com-
mensurate resonance mode observed in neutron scattering
studies of underdoped YBa2Cu3O6+x, TC = 74 K, (ref. [9])
(gray circles).
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